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EXECUTIVE SUMMARY 

The research work presented in this report has established a new class of a 
backscatter fiber optics probes for remote dynamic light scattering capability 
over a range of scattering angles from 94° to 175° . The fiber optic probes 
provide remote access to scattering systems, and can be utilized in either a 
noninvasive or invasive configuration. The fiber optics create an interference 
free data channel to inaccessible and harsh environments. Results from several 
studies of concentrated suspension, microemulsions and protein systems are 
presented. 

The second part of the report describes the development of a new technology 
of wavefront processing within the optical fiber, that is, integrated fiber optics. 
Results have been very encouraging and the technology promises to have 
significant impact on the development of fiber optic sensors in a variety of 
fields ranging from environmental monitoring to optical recording; from 
biomedical sensing to photolithography. 
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PART I: BACKSCATTER FIBER OPTIC PROBES 


Dynamic light scattering (DLS) is a noninvasive and extremely sensitive technique, 
which is routinely used for characterization of molecular changes in physiological, polymer, 
chemical, and colloidal systems. DLS characterizes the temporal fluctuations of laser light 
scattered by a system of particles undergoing Brownian motion or by random fluctuations in 
the refractive index of solutions. Temporal information is retrieved through a measurement of 
the time autocorrelation of the scattered light, which, in a self-beating experiment, must be 
collected within a single coherence solid angle. Spatial coherence requirement is a coupled 
function of the spectral characteristics of the optical source and the three dimensional 
scattering volume. Spatial coherence considerations for efficient self-beating dictates that the 
scattered light be collected over a small solid angle (typically, 0.1°). A conventional DLS 
system comprises a coherent light source, a high precision goniometer, sample cell holder, 
bulk optics for beam delivery and detection, a photomultiplier and digital correlator. Such 
systems, however, are confined to the laboratory environment, and many potentially useful 
areas of application are deprived of the extremely sensitive technique of DLS. 

The utility and versatility of fiber optics in DLS has been established. Recent 
developments of backscatter fiber optic probes (BFOP) have been done at Stony Brook 
through support from NASA’s Advanced Technology Program. Early BFOP utilized a single 
optical fiber for transmitting and receiving optical energy to and from the scattering region, 
and as such are homodyne receivers. The recent BFOP use two optical fibers for separating 
the transmitting and receiving paths. In this manner these BFOP are self-beating receivers 
with several advantages over homodyne systems; the most important being the ability to 
position the BFOP outside the scattering cell. Characteristics of BFOP have been studied 
under various conditions and for various systems. Current state-of-art for BFOP systems uses 
semiconductor lasers, miniature photomultipliers and notebook computers. 

Reprints of the published results are attached in Appendix A; the papers under review 
have been listed on page 2. 
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PART II: INTEGRATED FIBER OPTICS 


This part of the report presents a summary of the detailed study of the 
characterization and fabrication of integrated coherent fiber optic systems. A short length of 
graded index multimode fiber can have focussing properties similar to those of spherical 
lenses. Variation in the image distance and magnification can be obtained by controlling the 
length of the gradient index fiber lens (GFL) for a fixed object to lens distance. 

In a typical embodiment, a monomode optical fiber is fusion spliced to a short length 
of a multimode gradient index optical fiber. Optical energy is confined within the core region 
of the latter fiber; however, the graded index profile causes a self-focussing of the optical 
beam, counteracting the natural divergence. The result is analogous to a series of converging 
lenses positioned in a confocal arrangement. The multimode optical fiber can be viewed as a 
series of lenses, which form a continuous guiding region. An equivalent focal length of a 
fiber lens will depend upon its graded index profile and length. The periodicity of the optical 
fiber is defined by a characteristic pitch ; a fiber lens of length equal to one pitch acts like a 
window, which is equivalent to a confocal arrangement of four lenses. The single most 
important advantage of a fiber lens is its size compatibility with monomode optical fibers, 
allowing the two dissimilar fibers to be fusion spliced together to form a single integrated 
unit, which will remain in perfect alignment for its entire life. Additionally, the integrated 
fiber system has a diameter which is one order of magnitude smaller than comparable systems 
made by using GRIN microlenses. The length of the GFL determines the imaging (non- 
imaging) properties of the integrated fiber optic probe. This technology has been utilized to 
increase the spatial resolution of BFOP described in this first part. 

Reprints of the published results are attached in Appendix A; the papers under review 
have been listed on page 2. 
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APPENDIX A 
REPRINTS FOR PART I 
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ABSTRACT 


An integrated imaging fiber optic probe comprising a monomode optical fiber and two 
short lengths of graded index multimode fibers, fusion spliced in series, has been fabricated 
and evaluated for remote beam delivery applications. 
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SUMMARY 

Design and fabrication of an integrated imaging fiber optic probe (IFOP) (comprising 
a monomode optical fiber which is fusion spliced to a short length of a graded index multi- 
mode fiber) for delivery of either a collimated beam or a focused spot to a remote location, 
has been reported earlier. 1 A short section of a multimode graded index fiber (GFL) with 
quadratic index profile has focusing properties similar to those of spherical lenses and Selfoc 2 
graded index lenses manufactured by NSG 2 . Advantages of GFL over Selfoc lenses include 
miniaturization, narrower beam delivery for a certain distance and alignment-free lens sys- 
tem since the GFL is fused to the monomode fiber. Applications in areas such as photon 
correlation spectroscopy and fiber optic connectors 4 have been evaluated. Variations in the 
image distance and magnification can be obtained by controlling the length of the GFL and 
is limited by the properties (namely the refractive index profile) of the GFL under use. 

In this paper, we report the design and fabrication of an IFOP, comprising a monomode 
optical fiber and two GFLs fusion spliced in series (see Fig. 1). In this arrangement, greater 
control over image distance and magnification is obtained. Fusing more than one GFL in 
series would permit fiber optic in-line signal processing. 

For a fiber having a quadratic refractive index profile of the form 

n l( r ) = »i(l - (0o, t) 2 ) (1) 

the pitch P is given by, 


where r is the radial distance from the optical axis, no, and <70 are the on-axis refractive index 
and the quadratic index constant, respectively, for the ith GFL. Fractional pitch 77, = Li/ Pi 
and is in the range 0 to 1 . 0 . Equations for the image distance dj, magnification and beam 
waists w z are easily derived using the ray matrix analysis for Gaussian wave (the output 
of the monomode fiber can be approximated to a Gaussian profile of beam radius w 0 ) 5 as 
developed by Gomez-Reino et. al.. 6,7 


w l ~ w l[(^22 + Hi- i n 0 ' 2 z)H2\ + {H\2 + Hi2n 0 2z)H2in o i/n O 2 ] 2 

+(X/nw 0 ) 2 [(H 2 2 + H22n 0 2z)Hu/n 0 i(Hi2 + Hi2n 0 2z)Hu/n 0 2] 2 ( 3 ) 
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Magnification can be found by equating Eq. (4) and substituting z = dj in Eq. (3) and then 
dividing by w 0 . 

Table 1 shows the parameters of two multimode fibers used to fabricate an IFOP. 
Figures 2(a) & 2(b) show theoretical plots of the image distance d, and magnification as 
a function of the fractional pitch of the second GFL which is a MSD fiber. The number 
associated with each curve indicates the fractional pitch of the first GFL which was a MLD 
fiber. We can see that by using MLD GFL with MSD GFL, the maximum d, can be increased 
over using MSD GFL alone. A monomode fiber, Newport model FSV, iy 0 =2.3 /zm, was fusion 
spliced to a MSD GFL 260 /zm long, which was then fusion spliced to a MLD GFL 75 /zm 
long. Laser light from a He-Ne laser, Melles Griot model GLG5261, was launched into the 
free end of the monomode fiber by means of a x20 microscope objective. A fiber coupled to 
a power meter, Newport model 835, was used to record the transverse intensity distribution 
at various positions, z, from the tip of the imaging probe. Figure 3 shows a comparison of 
the experimental (crosses) and theoretical (solid line) intensity obtained for this IFOP at 
(a)z = 7.62 mm and (b)z = 15.3 mm. 



Figure 1. Schematic of an integrated imaging fiber optic probe with multiple lenses. 
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Figure 2. Theoretical plots for the imaging properties of an IFOP with 
MLD fiber as the 1st and MSD as the 2nd GFL. The number on each curve 
indicate rji. 
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diameter(/xm) 

MSD 

1.4713 

5.54 

50 

MLD 

1.4815 

4.05 

100 


Table 1: Properties of two multimode graded index fibers 


In conclusion, we have described IFOP with multiple GFLs which could gain greater 
control in imaging properties over the single GFL case. Experimental result has been in 
close agreement with theoretical expectations. 
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Figure 3. Experimental (crosses) and theoretical (solid line) intensity plots for an IFOP 

with MSD GFL of length 260 fim followed by a MLD GFL of length 75 fim at (a )z = 7.62 
mm and (b)z = 15.3 mm. 
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ABSTRACT 

An integrated fiber optic probe comprising a short length of multimode fiber, fusion 
spliced to a monomode optical fiber, has been fabricated for imaging and non-imaging appli- 
cations. The fiber probe, typically 250 fim in diameter, can deliver a focused Gaussian spot 
of approximately 30 fim diameter at a distance of approximately 700 /im from the tip. Two 
off-the-shelf graded index multimode fibers have been used in the fabrication of imaging and 
non-imaging probes. 
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I Introduction 

In this paper, we report the design and characterization of integrated fiber optic probes, 
comprising a monomode optical fiber, which is fusion spliced to a short length of a graded 
index multimode fiber, for delivery of either a collimated beam or a focused spot to a remote 
location. There have been several earlier works on the uses of the graded index multimode 
fiber lens (GFL). Dhadwal et. al. 1 used the integrated GFL probes as coherent receivers in 
dynamic light scattering. Emkey and Jack 2 evaluated them in connection with the devel- 
opment of miniaturized low-loss fiber optic connectors. Watson 3 used the GFLs to make a 
linear array of microlenses. Mathyssek et. al. 4 used them in laser diode to single mode fiber 

coupling. Liou 5 used a GFL as an external cavity to an InGaAsP buried-heterostructure 
laser. 

We note that a multimode graded index optical fiber has focusing properties similar to 
those of spherical lenses and Selfoc 6 graded index lenses manufactured by NSG 6 . Advantages 
of GFLs include size compatibility with monomode optical fibers and an overall reduction in 
size by a factor of 10 over Selfoc lenses. Variation in the image distance and magnification 
is obtained by controlling the length L of the GFL. The object distance, in this paper, is 
fixed to zero since the monomode fiber is fused to the lens resulting in a rugged and compact 
probe which does not require alignment of the lens. 

Two multimode fibers, 50/125-/zm fiber (Newport model MSD) and 100/140-/zm fiber 
(Newport model MLD), have been considered in this work. In section II GFL parameters 
such as beam waist and image distance are found using ray matrix analysis for a Gaussian 
wave. In section III experimental results are presented. 


2 


II Theoretical Background 

F.gura 1 shows a schematic of a generic integrated coherent fiber optic probe The 
tractive tndex profile of the fibers considered in this paper, is of the form 


re- 


n2 ( r ) - n o(l - ( gor ) 2 ) 


( 1 ) 


So <s the quadratic index constant. Neglecting aberration 
given by 7 


effects, the pitch P, of the fiber 


p 2 tt 

X — " 
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( 2 ) 

Tbe optical field distribution radiating from the tip of a monomode fiber can be approximated 
* a Gaussian profit having a beam waist (or beam radius, , 0 , corresponding to the core 
radtns of the monomode fiber, which is fusion spliced to the front surface of the multimode 
fiber as shown in Figure our work, we used a monomode fiber of core radius 2 
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respectively Here X is the wavelength of light. The complex input is related to the complex 

P position r, and slope rj, at a distance a from the tip of the GFL (see Figure 1) b y 
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is the transmission matrix within the GFL where L is the length of the CFL. 

( 

A/32 — 
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is the refraction matrix from from GFL to air, and 


/ 


A/ 43 = 


1 z 
0 1 


is the transmission matrix in air. 

The beam waist w z is given by the absolute value of r x 

= - nozgo «o(2x,)]» + + cos(2jrJ7)]2) 

where the fractional pitch , = L/P and is in the range 0 to 1.0, and a = A/(„„n 

Minimizing to, with respect to *, gives image distance i, and image magnification m," 

si n(4yiy)rj»-q»l 
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Wi 1 
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The divergence angle of the output Gaussian beam from the image point is inversely pro- 
portional to image beam waist u>, and is given by 

A A 


Ad = = 


7TU1, TTWoTTlg 


( 7 ) 
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Figures 2 and 3 show plots of the image distance d, and magnification m 3 as a function 
of rj for MLD and MSD fibers, respectively, whose characteristic parameters are shown in 
table I. All results are at a wavelength of 0.633 jim. From the figures we can see that for 
r} = 0.2o the .mage is formed on the lens surface and the magnification is largest; therefore, 
the divergence is the least. Such a GFL is best for producing a collimated output. In general, 
figures 2 and 3 can be used for fabricating an integrated fiber probe with desired imaging 
condition based upon the image distance, magnification and divergence requirements. 

Figure 4 shows a plot of w z as a function of z for 0.25P MSD GFL (dashed line) and 
0.25P MLD GFL (solid line). We note that divergence of the MLD GFL is lower than that 
of MSD GFL. For 2 < 4 mm, beam waist of less than 50 fim can be obtained. 

Maximum image distance d im at T) = 7/ m , can be found analytically from Eq. (5) by 
maximizing with respect to 77, 


1 , a 

Vm = r tan. ( ) 

27T g 0 


dim. — 


« 2 - 9l 
2n 0 a<7Q 


For MSD GFL Tj m - 0.275 and d, m = 384 pm while for MLD GFL r) m = 0.269 and d im = 697 

pm. Theoretical prediction for the intensity distribution at distance z from the tip of the 
GFL, is given by 11 


h = / 0 exp(-^~) 


where w z is given by Eq. (4). 

As mentioned earlier, the theory presented above is derived using ray matrices. For 
GFLs, which have a diameter comparable with the wavelength of light, diffraction effects 
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must be taken into account, Using diffraction analysis given by Linares et. al..'™ tb< _ 
intensity distribution h, for L > 0.25P on the tip of the GFL (z=0) is given by 

r 

I'Pnd + Dll 2 , Ju| < |u| 

U — < 

, ill) 

i^2| 2 i |u| > ] U | 
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where r 0 is the core radius, p is the radial coordinate at the tip of the GFL, 


w x 


w o , 0 < t) < 0.25 

2/{kn 0 w 0 g 0 ), 0.25 < 7 < 0.5 


R _ I cos( 2 tt 7 ), 0 < rj < 0.25 

( cos( 2 t (7 -0.25)), 0.25 <7 <0.5 

r 

sin( 27 T 7 )/^ 0 , 0 < 7 < 0.25 

H i = 

sin( 27 r (7 - 0.25))/<7o, 0.25 < 7 < 0.5 
'I’nd is the diffraction-free electric field distribution 
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(14) 


and U n (u,v) and V n (u,v) are the Lommel functions described in Born and Wolf 14 

OO 

Un(u,v) = E(-ir(-r +2 v n+2 ,(t;) 

3=0 V 

OO 

v n (u,v) = £(-i r(-) n+2 v n+24 (u) 

3=0 U 

The input field distribution /,■ is given by 


I, = exp(-^|) 

u>5 

where p 2 is the radial coordinate at the input plane. Note that u Q defined in Gomez et. al. 12 

is the input intensity beam waist, while w 0 in this paper is the input field beam waist which 

is approximated to the core radius of the fiber. 
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Let the range of measurable signal be taken within p < u> a ; that is, the measurable 
diffraction-free intensity distribution I„ d (or |^| ! ) be within 1 to exp(-2). Now we define 
the rms relative error due to diffraction as 


t — 


\ 


r n d d P 


(15) 


Using Eqs. (1 1)-( 13), Eq. (15) can be written as 


e = 




JT(IA| 2 + 2|Vw||AI cosf^! - 4> 2 )Y dp 
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(16) 


where 
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k 3 nlw\R 2 p 2 
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knoR^rp 

2 / 2 , 


+ tan“‘( 


Im{L 1 ) 
Re{L\y 


where Jm(.) is the imaginary value of the argument and fle(.) is the real value of the 


argument. 

Using Eq. (16), we found that for MSD GFL, e < 3% and for MLD GFL, e < 0.02% for 
0 < r) < 0.5 at A = 0.633 pm; therefore, for these two GFLs diffraction effects are negligible. 

HI* Experimental procedure and results 


Details of the fabrication process for an integrated fiber probe is described in Dhadwal 
et. al. and will not be repeated here. Figure 5 shows a schematic of the system for char- 
acterizing a GFL. A He-Ne laser (Melles Griot model GLD5261) was launched into the free 
end of the monomode fiber by means of a 20x microscope objective. A fiber coupled to a 

power meter (Newport model 835) was used to record the transverse intensity distribution 
at various positions z. 
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Figures 6 to 8 shows the theoretical (solid line) and experimental (circles) intensity vs. 
transverse distance relationship for MLD 0.225P, MLD 0.255P, and MSD 0.23P GFLs, re- 
spectively. The crosses on these figures show the experimental readings with an unlensed 
monomode fiber, confirming that the lensed fibers are producing narrower beams. The 
dashed lines in these figures are the expected output from a 0.25P GFL. The dashed and 
solid lines of Figure 7 are almost superimposed since the length of MLD 0.255P GFL is 
very close to 0.25P. All intensity distributions shown, except for Figure 8, are taken at 
* = 33 mm. Distributions in Figure 8a and 8b were taken at * = 7.6 mm and z = 25.4 mm, 
respectively. From Figure 8, it is clear that the spot size of the unlensed fiber is growing at 
a greater rate implying larger divergence than lensed fibers. Another point to note is that 
the match between theory and experiment remains consistent for different distances. 

The figures show good agreement between theory and experiment. MLD GFLs seem to 
show greater aberration and/or excitation of higher order modes than MSD GFLs. 

IV. Summary 

We have described the design of integrated fiber optic imaging probes. For the GFLs 
considered in this paper, maximum image distance of about 700 fim can be achieved with 
a magnification of about 8. For detection distance less than 4 mm, beam waist of less than 
50 fim can be obtained. Experimental results have been in close agreement with theoretical 
expectations. Such probes can be customized for a variety of diverse applications. However, 
by fabricating multimode fibers with desired index profiles optimization in the parameters 

could be achieved; for example, greater image distance could be obtained by lowering the 
value of <7o- 
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Figure Captions 

Figure 1. Schematic of an integrated fiber optic probe. 

Figure 2. Theoretical plots for the imaging properties of MLD GFL at A = 0.633 ^m. (a) 

Image distance d, vs fractional pitch 7, Eq. (5), and (b) Image magnification m vs fractional 
pitch 7, Eq. (6). 

Figure 3. Theoretical plots for the imaging properties of MSD GFL at A = 0.633 /im. (a) 

Image distance d, vs fractional pitch 7, Eq. (5), and (b) Image magnification m vs fractional 
pitch 7, Eq. (6). 

Figure 4. Theoretical plots of beam waist w t vs axial distance z for a 0.25P lens using Eq. 
(4) at A = 0.633 fim. Solid line represents MLD GFL and dashed line represents MSD GFL. 
Figure 5. Schematic of the system for characterizing a GFL. 

Figure 6. Characterization of the intensity distribution for MLD GFL with 0.225P length, 
o - measured data points at z = 33 mm, Solid line - expected distribution using Eq. (10), 
dashed line - expected distribution for a 0.25P lens, x - measured data from an unlensed 
monomode fiber at z = 33 mm. 

Figure 7. Characterization of the intensity distribution for MLD GFL with 0.255P length, 
o - measured data points at z = 33 mm, Solid line - expected distribution using Eq. (10), 

dashed line - expected distribution for a 0.25P lens, x - measured data from an unlensed 
monomode fiber at z = 33 mm. 

Figure 8. Characterization of the intensity distribution for MSD GFL with 0.23P length, 
(a) 2 = 7.6 mm and (b) z = 25.4 mm. o - measured data points, Solid line - expected dis- 
tribution using Eq. (10), dashed line - expected distribution for a 0.25P lens, x - measured 



data from an unlensed monomode fiber. 

Table I. Some characteristic parameters of MSD fiber and MLD fiber. All data are at wave 
length 0.633 /r m. 
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Figure 3: A backscatter fiber optic probe 

RESULTS AND DISCUSSION 


Polystyrene latex spheres (PLS) with a nominal average diameter of 39 nm were obtained 
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cumulan. teysis; the variation in die average particle diameter obtain^froTd^ 
shown in Fig. 5. The average particle diameter, based on 100 measurements, is 41.4±0.4. 
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Figure 4: Intensity-intensity autocorrelation obtained 
weight suspension of PLS. triangles - VLD; diamonds 
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Figure 5: Variation in the particle diameter recovered from 
order cumulant analysis. 
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g e 6. Intensity intensity autocorrelation obtained using the 94° BFOP 



Figure 7: Particle size distribution 


Figure 6 shows the intensity- 
intensity autocorrelation obtained using 
the 94° BFOP. As expected the self- 
beating efficiency is lower than that 
obtained with the 154° BFOP. This is 
primarily due the distorted incident laser 
beam spot. However, despite the low self- 
beating efficiency, it is still possible to 
recover the distribution in particle 
diameter, as shown in Fig. 7. 
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Integrated fiber optic probe 
for dynamic light scattering 


Harbans S. Dhadwal, Romel R. Khan, and Kwang Suh 


An integrated fiber optic probe, comprising a monomode optical fiber fusion spliced to a short length of a 
graded-index multimode fiber, is fabricated for use as a coherent receiver in dynamic light scattering. 
The multimode fiber is cleaved to provide a gradient-index fiber lens with a focal length of 125 pm and an 
/’-number close to unity. An integrated fiber receiver is used to measure the intensity-intensity 
autocorrelation data from a 0.05% by weight concentration of an aqueous suspension of polystyrene latex 
spheres. Analysis of 100 independent data sets indicates that the particle size can be recovered with an 
accuracy of ± 1%. 

Key words: Graded-index fiber lens, photon correlation spectroscopy, particle sizing, light scattering. 


1. Introduction 

In the past three decades following the invention of 
the laser, dynamic light scattering (DLS) has become 
an indispensable, noninvasive, and extremely sensi- 
tive technique for routine characterization of molecu- 
lar changes in physiological, chemical, polymer, and 
colloidal systems. 1 DLS involves measurement of 
the intensity-intensity correlation of the laser light 
scattered from particles illuminated by a monochro- 
matic light source, followed by a data inversion 
procedure that yields the distribution of particle 
sizes. In order to observe the modulation imparted 
by the particles undergoing Brownian motion, the 
scattered light must be collected over a well-defined 
coherence solid angle, which is a function of the size 
of the scattering volume and wavelength of the light 
source. 2 

Spatial coherence consideration for efficient self- 
beating dictates that the scattered light be collected 
over a small solid angle, typically 0.1°. Figure 1 
shows a schematic of detection optics, typically used 
in commercial instruments to achieve the above 
uncertainty in the scattering angle. Detection optics 
comprises a convex lens, two apertures that define 
uncertainty angle A0, and the size of the scattering 
volume. The components are mounted into a cylin- 
drical housing of -7 cm in diameter and 15 cm in 
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length and attached directly onto the face plate of a 
photomultiplier. The entire assembly is positioned 
on a goniometer system, providing access to a range of 
scattering angles. In the past decade there has been 
considerable interest in miniaturizing the DLS appa- 
ratus through the use of fiber optics. Macfadyen 
and Jennings provide a review on this subject. 3 A 
brief review of backscatter fiber optic probes is given 
by Ansari et al . 4 

In this paper we describe the design, fabrication, 
and utility of an integrated fiber receiver for use in 
DLS. Detailed designs of these integrated fiber sys- 
tems has been presented earlier. 5 In this embodi- 
ment the fiber receiver, a single integral unit compris- 
ing two dissimilar fibers, can be designed to meet any 
imaging requirement. The integrated fiber probe 
has no apertures, no air path from the front surface 
to the detector, and is rugged and extremely compact. 

2. Theoretical Background 

Figure 2 shows a schematic of a fiber optic receiver, 
comprising a monomode optical fiber and a quarter- 
pitch graded-index multimode fiber lens (GFL), inte- 
grated together by means of fusion splicing. 

By using the eikonal equation, 6 it can be shown 
that pitch P of a graded-index fiber with a refractive- 
index profile of the form 


n 2 (r) = rc 0 2 [ 1 - (g 0 r) r ] 


is given by 


P = 


2n 0 , Ay/ 1 

r«o£o' 


/ T - 1 / 2 ) |*2 

tyi I 

1 . o 


sin (2/T 1) (6)d0, 


( 1 ) 

( 2 ) 
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sample cell 



given by 5 

2 \ 

D a = > 5 

g 0 n 0 TTW 0 

AO = g 0 n 0 w 0 , (6) 

where w 0 is the core radius of the monomode fiber. 

In Table 1 we compare typical values of D A and A0 
for the conventional system shown in Fig. 1, for the 
Dhadwal and Chu fiber probe, 2 and for the integrated 
fiber probe discussed above. Table 1 also shows a 
comparison of the relative sizes of the detection 
optics. 

3. Experimental Procedure 


Fig. 1. Schematic of conventional detector optics, nonimaging, 
A0 = D p /(2f). 


where r is the radial distance from the optical axis, n 0 
is the on-axis refractive index, g 0 is the quadratic 
index constant, N 0 is the direction cosine of the 
incident ray with respect to the z axis (bounded by the 
critical acceptance angle of the optical fiber), n 0 ' is the 
refractive index at the incident point, and b = 
(n 0 2 ~ n 0 ' 2 N 0 2 )/(g 0 T n 0 2 ). For the type of optical fiber 
considered in this paper, T, which is dependent on the 
material properties and wavelength, is approximately 
2 . 0 . 

In the first-order approximation, Eq. (2) reduces to 


2tt 

P ~T«- (3) 

Length L of the fiber lens is related to the fractional 
pitch T| by 

L = 2TTT\/g 0 . (4) 

It can be shown that, for a quarter-pitch fiber lens, 
effective aperture D A and uncertainty angle A 6 are 



A. Fabrication of an Integrated Coherent Fiber Receiver 

A fiber receiver, as described above, was fabricated by 
using a monomode optical fiber (Newport model 
F-SV) with a core radius w 0 = 2 ^m and a multimode 
optical fiber (Newport model F-MSD) with a core 
diameter of 50 jim, g 0 = 5.46 mm 1 and n 0 = 1.465. 
The two fibers were integrated together by using a 
fusion splicer (Power Technology model PFS200). 
Active alignment was used for precise positioning of 
the two fibers. Fusion splice parameters such as 
current and duration are determined experimentally 
for any pair of fibers being spliced. For the particu- 
lar case reported here we used a prefuse current of 17 
mA for a duration of 0.3 seconds, followed by a fuse 
current of 17 mA for a duration of 1.2 s. Typical 
values of splice loss and strength, as quoted by the 
manufacturer, are 0.15 dB and 1.4 GN/m 2 , respec- 
tively. The Fresnel loss at the splice point is consid- 
erably smaller than the loss of the fiber-air interface. 
We have not observed any instabilities in the laser 
light emanating from the fiber tip. 

The critical step in the process of fabricating a fiber 
probe is the ability to cleave the multimode fiber to 
the desired length. This procedure is performed 
under an optical microscope (total magnification 
» 500). The spliced fiber is mounted onto a differen- 
tial micrometer (Newport model DM13) stage (New- 
port model M425) that is held onto a microscope stage 
assembly together with a mechanical cleaver (Fuji- 
kura model CT-04). The fusion point is located 
under the microscope and aligned with the scribing 
rotary blade. The fused fiber is pulled back to the 


Table 1 . Comparison of the Receiver Effective Diameter, Uncertainty 
Angle, and Size for a Conventional System, Dhadwal and Chu’s 
Gradient-Index Probe, 2 and an Integrated Fiber Optic Probe 



D a 

AG 


Detector Type 

(jjliii) 

(deg) 

Size 

Conventional system (Fig. 1) 

500 

0.06 

75 mm x 150 mm 

Gradient-index microlens probe 2 

500 

0.05 

4.0 mm x 40 mm 

(monomode fiber + SLS 2.0 




lens) 




Integrated fiber probe (mono- 

25 

1.2 

250 pm x 300 pm 

mode fiber + 0.23P fiber lens) 





3902 APPLIED OPTICS / Vol. 32, No. 21 / 20 July 1993 


I 


desired length by the differential micrometer and 
then cleaved. By means of the procedure, we can 
cleave and then measure the length of the GFL within 
an accuracy of ±6 \xm, This accuracy is limited by 
the inability to locate the splice point precisely, as a 
good fusion splice is difficult to locate under the 
microscope. Additionally there is some uncertainty 
in matching the cleaving position with the position of 
the scribing rotary blade. A GFL for the integrated 
probe reported here was cleaved to a length of 0.23P. 

The integrated fiber probe was characterized by 
launching a He-Ne laser beam into the unlensed end 
of the fiber and measuring the optical radiation 
pattern emanating from the lensed end of the mono- 
mode fiber. Figure 3 shows the far-field intensity 
distribution at a distance of 8 mm from the tip of fiber 
(circles). The solid curve represents the expected 
distribution for a 0.23P fiber lens, based on Gaussian 
imaging. 5 The dashed curve shows the intensity 
distribution for a quarter-pitch fiber lens, and the 
crosses show the experimental intensity distribution 
for an unlensed monomode fiber. From Fig. 3 we 
can ascertain that our integrated fiber receiver has an 
effective diameter of D A = 25 jxm and an uncertainty 
angle AO = 1.2°. Certainly in conventional systems 
we would not use such a large uncertainty in the 
scattering angle; however, we were limited by the 
choice of available multimode fibers. 

B. Sample Preparation 

Polystyrene latex spheres (PLS’s) with a nominal 
average diameter of 85 nm (lot L890612C) were 
obtained from Bangs Laboratories, Indiana. These 
aqueous solutions are supplied with a PLS concentra- 
tion of 10% by weight. A sample of 0.05% concentra- 
tion was prepared by using doubly distilled deionized 
water (18-Mfl resistance). To avoid the presence of 
undesirable dust, final preparations were filtered 
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Transverse distance (micrometers) 

Fig. 3. Characterization of the far-field intensity distribution for 
an integrated fiber receiver with a 0.23P fiber lens: o, measured 

data points at distance of 8 mm from tip; solid curve, expected 
distribution; dashed curve, expected distribution for a 0.25P lens; 
x, measured data from an unlensed monomode fiber at an 8-mm 
distance. 


sample cell 



digital correlator amplifier/discriminator 
Fig. 4. Schematic of the experimental apparatus for DLS. 

with a 0.2-(xm millipore membrane filter. Samples 
were transferred into precleaned 10-mm cuvettes. 

C. Experimental Setup 

A schematic of the experimental apparatus is shown 
in Fig. 4. An unfocused, collimated laser beam from 
a 5.0-mW He-Ne laser (Spectra Physics model 120S) 
was directed through the sample solution. The fiber 
optic receiver was positioned at a scattering angle of 
90° and ^8 mm from the scattering center. The 
unlensed end of the monomode fiber was connected 
to a photomultiplier (Hamamatsu model HC120). 
Photoelectron pulses, after suitable amplification and 
discrimination, were fed into a digital correlator 
(Brookhaven Instrument, Inc., model BI8000AT) to 
obtain measurement of the intensity-intensity auto- 
correlation. Subsequent analysis of the autocorrela- 
tion yielded the particle size distribution. Data anal- 
ysis procedures have been discussed at length by 
many authors, and we do not reproduce them in this 
paper. The reader is referred to Chu’s textbook 7 for 
additional information. 

Figure 5 shows a typical normalized intensity- 
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Fig. 5. Normalized intensity autocorrelation (J|£ m (*)| 2 obtained 
from an aqueous suspension of 85-nm PLS by the use of the 
integrated fiber receiver, p is the spatial coherence factor, is 
the first-order field autocorrelation, and t is the delay time. 
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Fig. 6. Size distribution obtained from the inversion of the data in 
Fig. 5 by the use of a nonnegative least-squares data inversion 
technique. 


intensity autocorrelation obtained from the PLS sam- 
ple at room temperature. It should be noted that (3, 
a measure of the self-beating efficiency, is a little low 
because of the use of an unfocused laser beam and the 
large uncertainty angle A0 = 1.2°. The dependence 
of p on the size of the scattering volume was discussed 
by Dhadwal and Chu. 2 Figure 6 shows the corre- 
sponding particle size distribution obtained by the 
use of the nonnegative least-squares inversion proce- 
dure supplied by the manufacturers of the correlator. 
In order to assess the accuracy of the particle size 
measurements, 100 autocorrelations, each of 60-s 
duration, were recorded and analyzed by the use of a 
third-order cumulant analysis. 8 Figure 7 shows a 
plot of the nominal diameter as a function of the run 
number. The average diameter is computed to be 
84.2 ± 0.8 nm, which is within 1% of the expected 85 
nm. As expected, the polydispersity parameter was 
0.002 ± 0.003, indicating an extremely narrow distri- 
bution. 

4. Summary 

In this paper we have described the fabrication of an 
integrated fiber optic receiver and demonstrated its 
utility for DLS. An integrated fiber optic probe has 
no apertures, requires no adjustment, and can have 
an overall diameter as small as 250 fim. Error in the 
determination of the particle diameter of PLS was 
within the theoretical limit of ± 1 %, corresponding to 
an uncertainty in the scattering angle of 1.2°. 9 

The authors are grateful to William Emkey for 
permitting access to the fusion splicer and to Curtis 
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Fig. 7. Accuracy of particle size estimation by the use of an 
integrated fiber optic receiver. Each data point represents an 
independent estimation of the particle diameter from an intensity 
autocorrelation. 
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SUMMARY 

Delivery of a narrow collimated coherent light beam has been a long sought goal in photon 
correlation spectroscopy (PCS), particularly for the characterization of physiological, poly- 
mer and chemical systems. Conventional apparatus employing b ulk optics have been replaced 
by graded index and fiber optics, resulting in considerable miniaturization and ruggedness 1 . 
High power densities in the measurement volume, achieved by means of focussing, are nec- 
essary for probing weakly scattering systems. A collimated beam of diameter less than 100 
Mm would be desirable, however, commercial collimating fiber pigtails give a beam diameter 
in excess of 1000 /im. 


In this paper, we report the design and fabrication of an integrated fiber optic probe, 
comprising of a monomode optical fiber, which is fusion spliced to a short length of a graded 
index multimode fiber, for delivery of either a collimated beam with diameter less than 50 
fim or a focussed spot to a remote location. Variation in the image distance and magnifica- 
tion is obtained by controlling the length of the fiber lens for a fixed object to lens distance. 
Emkey and Jack 2 evaluated such lenses in connection with the development of low loss fiber 
optic connectors. 


Figure 1 shows a schematic of a generic integrated coherent fiber optic probe. Using the 
eikonal equation 3 , it can be shown that the pitch P , of a fiber having a refractive index 
profile of the form 


is given by, 
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where r is the radial distance from the optical axis, no is the on-axis refractive index, go is the 
quadratic index constant, N 0 is the direction cosine of the incident ray with respect to z-axis 
(bounded by the critical acceptance angle of the optical fiber), n' is the refractive index at 
the incident point, T is in the range 2.0 to 2.2 for the fibers considered here, and b = 

9 J n i 

We note that a multimode graded index optical fiber has focussing properties similar 
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to those of conventional lenses and SELFOC 4 graded index lenses manufactured by XSG 4 . 
The imaging conditions are dependent upon the choice of the length L, which is expressed 
as a fraction of the pitch P. For example, L=0.25P results in a fiber lens which has the 
front and back focal planes coincident with the end surfaces. Such a fiber lens is ideal for 
mating to a monomode optical fiber to produce a collimated output. The two fibers can 
be integrated together by means of fusion splicing; thereby, eliminating the interface and 
resulting in a robust collimator, with negligible insertion loss. 



Figurel : Schematic of an integrated imaging fiber optic probe 


The optical field distribution radiating from the tip of a monomode fiber can be approxi- 
mated by a gaussian profile having a beam waist to 0 , corresponding to the core radius of the 
monomode fiber, which is fusion spliced to the front surface of the multimode fiber as shown 
in figure 1 . The image beam waist tu,-, and position (k are given by 5 


Wi 1 

— = ~ cos 2(2 TJ? jj^ 


( 3 ) 


j = sin(47rr ? )[gg - a 2 ] 

2 no 5 o[< 7 o sin 2 (27r?7) + a 2 cos 2 ( 2 ir 7 /)] 

where rj = L/P and is in the range 0 to 1 . 0 , and a = 

Figures 2(a) & 2(b) show plots of the image distance d, and magnification (to,-/ too) as a 
function of 17 , respectively. We can see that for 17=0.25 we obtain the largest beam diameter 
but the least divergence. Based upon these calculations, several imaging fiber probes were 
fabricated using a fusion splicer. Figure 3 shows a comparison of the experimental and 
theoretical results obtained for one such probe. A monomode fiber, Newport model FSV, 
w 0 =2 /im, was fusion spliced to a multimode fiber, Newport model MSD, having 77 = 0 . 33 . 
Laser light from a He-Ne laser, Melles Griot model GLG5261, was launched into the free 



end of the monomode fiber by means of a x20 microscope objective. A fiber coupled to a 
power meter, Newport model 835, was used to record the transverse intensity distribution at 
various positions, z, from the tip of the imaging probe. Figure 3(a) shows a comparison of 
the intensity distribution from an unlensed monomode fiber (crossmarks) and the imaging 
probe (circles) at z=15.3 mm. Theoretical prediction for the intensity distribution at z, in 
the paraxial limit, is given by 

2r 2 

-/, = J 0 exp(— ) (5) 

W Z 


where 

wl ~ u>o{[cos( 27 T 77 ) - n 0 zgo sin(2irr;)] 2 + 4. riozcos(27r77)] 2 } 

9o 


Figure 3(b) shows a comparison of the expected intensity distribution (solid line) at z=15.3 
mm and experimental results (circles). The dashed line is the expected distribution for a 
1/4-pitch fiber lens. Figure 3(c) and (d) are at z=33.1 mm, showing similar agreement be- 
tween theory and experiment. 




Figure 2. Theoretical plot for the imaging properties of the integrated fiber optic probe, 
(a) equation 3, and (b) equation 4, with w&=2 /zm, 56=6.21 mm -1 , n 0 =l-465, and A=0.633 
H m. 


In conclusion, we have described the design and fabrication of an integrated fiber optic 
imaging probe. Experimental results have been in close agreement with theoretical expecta- 
tions. Such probes can be customized for a variety of diverse applications. 






Transverse distance, r (mm) Transverse distance, r (mm) 




Transverse distance, r (mm) 


Figure 3. Experimental results for an unlensed monomode fiber(x) and an integrated fiber 
probe(o) at (a)z = 15.3 mm, and (c)z = 33.1 mm. Theoretical plots: solid line ( 77 = 0 . 33 ), 
and dashed line (77 =0.25), and experimental result(o) for (b)z = 15.3 mm, and (d)z = 33.1 
mm. 
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Microemulsion characterization by the use 
of a noninvasive backscatter fiber optic probe 


Rafat R. Ansari, Harbans S. Dhadwal, H. Michael Cheung, and William V. Meyer 


This paper demonstrates the utility of a noninvasive backscatter fiber optic probe for dynamic 
light-scattering characterization of a microemulsion comprising sodium dodecyl sulfate/l-butanol/ 
brine/heptane. The fiber probe, comprising two optical fibers precisely positioned in a stainless steel 
body, is a miniaturized and efficient self-beating dynamic light-scattering system. Accuracy of particle 
size estimation is better than ±2%. 

Key words: Dynamic light scattering, fiber optic sensors, particle sizing, microemulsions, fuels, 

quasi-elastic light scattering. 


1. Introduction 

A. Microemulsions 

Microemulsions are clear, thermodynamically stable 
dispersions of two immiscible liquids with carefully 
adjusted emulsifiers (surfactants and cosurfactants). 
The cosurfactants are normally short chain alcohols. 
The globule size of the dispersed phase is normally 
less than 1 gm. Oil-in-water, bicontinuous, and 
water-in-oil (W/O) microemulsion systems can be 
obtained on changing the solution environment by 
altering salinity or the concentration of a surfac- 
tant. 1 ’ 2 

One difficulty in studying critical microemulsions 
has been stratification 2 and hydrodynamic instabili- 
ties 3 that are due to gravity. This gravity sensitivity 
is not completely unexpected as there are experimen- 
tal 4 ** 7 and theoretical 8 9 indications that the very low 
free energy differences between states with signifi- 
cantly different microstructures can lead to substan- 
tial composition variations in microemulsions, espe- 
cially in the middle phase. Further, microdroplet 
clustering is believed to precede phase separation in 
some cases, 10 leading to local density differences 
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between the disperse and the continuous phases on a 
length scale large enough to promote stratification. 
The physical-chemical state of the microemulsions 
remains a subject of discussion because of questions 
of polydispersity and shape of the droplets, surface 
properties of the electrically charged droplets in ionic 
systems, droplet-droplet interactions, the effect of 
pH on phase behavior, and the role of the interfacial 
film because of surfactants and cosurfactants. 

One of the most sought-out physical characteristics 
of a microemulsion system is the globule size in the 
case of a monodisperse system and the globule size 
distribution in the case of a polydisperse system. 
The expected size range is in the submicrometer 
regime, and therefore dynamic light scattering (DLS) 
techniques are very appropriate for experimental 
characterization of microemulsions. 1 There are 
many textbooks on the subject of light scattering and 
the interested reader should consult Ref. 11 for a 
historical perspective of the subject and Ref. 12 for 
understanding the practice of DLS. 

B. Review of Backscatter Fiber Optic Systems 

The first backscatter fiber optic system, a fiber optic 
Doppler anemometer (FODA), was described by Dyott 
in 1978. 13 The FODA was successfully developed 
into a compact and portable single-angle DLS system 
for use in the sizing of colloidal suspensions 14 - 15 and 
for the routine characterization of the motility of 
bovine spermatozoa. 16 The FODA represented a sig- 
nificant break from conventional DLS systems by 
enclosing the transmitting and the receiving optics 
into a T-shaped metal housing, which was mounted 
directly onto a helium neon laser. Transmitted and 
scattered laser light was guided to and from the 
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scattering region through a single multimode optical 
fiber. Separation of the transmitted and scattered 
signals was achieved by means of a hole-in-mirror 
beam splitter mounted into the T-shaped housing. 
The FODA provided a homodyne detection of the 
scattered light in the backward direction (180° ± 4.5°). 
The local oscillator was derived from the phase 
mismatch at the fiber-liquid interface. The FODA 
successfully demonstrated the utility of fiber optics 
for making DLS accessible to clinical-industrial envi- 
ronments. Additionally, the free end of the fiber was 
dipped directly into the scattering system, consistent 
with clinical-industrial requirements, as demon- 
strated in the measurements carried out on bovine 
spermatozoa for the artificial insemination pro- 
gram. 17 

Auweter and Horn 18 modified the FODA by replac- 
ing the hole-in-mirror beam splitter with a multi- 
mode fiber optic directional coupler. In 1991, Dhad- 
wal 19 reported a backscatter fiber optic probe, which 
utilized separate optical fibers for transmitting and 
receiving, thereby eliminating the need for a beam 
splitter. Homodyne detection was achieved through 
the use a gradient-index microlens positioned in 
contact with two fibers, which were placed side by 
side. As discussed by Dhadwal et al 20 and Tho- 
mas, 21 the single-fiber backscatter systems (homo- 
dyne) exhibit unreliability and ambiguity in the esti- 
mation of size from concentrated suspensions; this 
arises because of the lack of knowledge of the relative 
strength of the local oscillator to scattered signal 
strength. In order to overcome this difficulty, a 
more efficient and compact backscatter fiber optic 
probe, which provided a self-beating detection of the 
scattered light, was developed. 20 The self-beating 
fiber optic probe comprises two optical fibers posi- 
tioned side by side, but mounted into a common 
ferrule. The fiber probe was designed for direct 
immersion into the scattering medium. The accu- 
racy and reliability of this probe was demonstrated 
over a range of aqueous concentrations of several 
different standards of polystyrene latex spheres 
(PLS’s). Dhadwal and Ansari 22 also developed an- 
other type of self-beating backscatter fiber optic 
probe, which provided simultaneous access to a range 
of scattering angles in the backward direction. In 
particular, a linear array of fibers was positioned in 
the back focal plane of a gradient-index microlens. 
One of the fibers was used for delivering a Gaussian 
laser beam to the scattering region, while the remain- 
ing fibers provided access to 10 backscatter angles 
separated by 2.2°. 

There are many potential applications that could 
benefit from the use of a backscatter fiber optic probe, 
but require noninvasive interrogation. Single-fiber 
backscatter systems (homodyne) are not suitable for 
positioning outside sample containers, but the self- 
beating probe, comprising two separate optical fibers, 
can be modified for this purpose. As shown in Fig. 1, 
the two optical fibers, in addition to being displaced in 
the transverse direction, can also be tilted with 



Fig. 1. Schematic of a noninvasive lensless backscatter fiber optic 
probe. 6 is the scattering angle, kj and k s are the incident and 
scattering wave vectors, respectively; |&/| = |fc s | = 2 tt/Xo» where \o 
is the free-space wavelength of the laser source. 


respect to each other. This added degree of freedom 
allows precise location of the edge of the scattering 
region from the tip of the probe body, thereby en- 
abling the fiber probe to be positioned outside the 
scattering cell. With this added feature, the backscat- 
ter fiber optic probe provides access to odd-shaped 
and remotely located scattering cells. We have suc- 
cessfully applied the noninvasive backscatter probe to 
the study of cataractogenesis in excised but intact 
human 23 and bovine 24 eye lenses, and low molecular 
weight protein systems in the dilute regime. 25 

In this paper we demonstrate the utility and the 
effectiveness of a noninvasive fiber probe to perform 
DLS study on a microemulsion system. This prelim- 
inary investigation establishes the important role of 
noninvasive backscatter fiber optic probes. A typical 
microemulsion system is characterized by several 
phases, and the precise location of each phase may 
not always be known a priori. In order to study the 
dynamics of such systems by the use of DLS, an 
optical apparatus with the capability of interrogating 
the stratified column, without disturbing the micro- 
emulsion, is required. A conventional DLS system 
with distributed and bulky transmitted and receiving 
optics, would require considerable modification to 
meet this challenge. In contrast, a noninvasive back- 
scatter probe, as described below, is ideally suited for 
such applications. 

2. Noninvasive Backscatter Fiber Optic Probe 

The requirements of a noninvasive backscatter fiber 
optic probe are more demanding than those of an 
immersible filter probe. The noninvasive fiber probe 
must illuminate and interrogate a small volume in 
the interior region of a scattering vessel while provid- 
ing self-beating detection; strong backreflections from 
the scattering vessel must not enter the receiving 
fiber. Figure 1 shows a schematic of a lensless 
noninvasive backscatter fiber probe body, which con- 
sists of a cylindrical stainless steel tube with a 
matching faceplate. Two optical fibers are epoxied 
into precisely drilled holes in the face plate. Separa- 
tion h and inclination a between the two holes define 
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scattering angle 0, and edge of the scattering region Z, 
from the fiber probe tip and the length of the scatter- 
ing region AZ. One of the fibers is used for illuminat- 
ing the scattering region with a diverging Gaussian 
laser beam, while the second optical fiber, together 
with a photomultiplier connected to the other end of 
the fiber, provides a self-beating detection of laser 
light scattered in the backward direction. 

The challenge in the design of a backscatter fiber 
optic probe lies in determining the optimum pair of 
values for h and a that provide acceptable estimates 
of particle size from the measured intensity-intensity 
autocorrelation data and that are consistent with 
required values of Z and AZ. Assuming that the two 
optical fibers are identical, the following set of equa- 
tions, which governs the design of the fiber probe, can 
be derived by geometric arguments: 


Z = 


h + 


Ei 

2 cos(a) 
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0 = 77 - 2 sin 1 [(n 1 /n 2 )sin(a)j, (3) 

sin(0i) = (n 1 /n 2 )sin(a + p), (4) 

sin(0 2 ) = (n 1 /« 2 )sin(a - p), (5) 

p = cos“V 3 Ah)> (6) 


3. Experimental Procedure 

A. Sample Preparation 

Our experiments employed a three-phase microemul- 
sion system comprising sodium dodecyl sulfate 
(SDS)/ 1-butanol/brine/heptane. Details on this sys- 
tem can be found elsewhere. 27 SDS (98%), 1-butanol 
[99.9+%, high-performance liquid chromatography 
(HPLC) grade], n-heptane (99+%, HPLC grade), and 
NaCl [99.9 + %, American Chemical Society reagent 
grade) were obtained from Aldrich Chemical Com- 
pany and, aside from filtering stock solutions, were 
used as received. Water was de-ionized and filtered 
(0.2 jxm) as supplied and was again thrice filtered (0.2 
pm) before use. Samples were prepared from 20 wt. 
% SDS and NaCl stock solutions, heptane, water, and 
1-butanol. The SDS and NaCl stock solutions and 
water were thrice filtered through a 0.2-pm filter to 
remove dust. The heptane and 1 -butanol were used 
as received. The HPLC-grade 1 -butanol and n -hep- 
tane were filtered by the manufacturer (0.5 pm). 
The A-series microemulsions consist of equal weight 
fractions of a 6.54 wt. % NaCl brine and n-heptane 
and varying percentages of a surfactant mixture. 
The surfactant mixture is composed of SDS and 
1 -butanol in the mass ratio 1:2. The compositions 
are provided in mass percent in Table 1. The sam- 
ples were prepared in 13-mm Kimax screw-cap test 
tubes that had been repeatedly rinsed with thrice- 
filtered (0.2-pm) water and then dried. The sealed 
samples were equilibrated for a minimum of 24 h 
before use. 


where Df is the core diameter of the optical fiber; 0; 
and 0 2 are determined by the numerical aperture of 
the optical fiber and the refractive index of the 
scattering medium n 2 ; and n x and n 3 are the refractive 
indices of the core and the cladding of the optical 
fiber, respectively. From the above set of equations, 
it can be ascertained that a self-beating, lensless, and 
noninvasive fiber optic probe can be designed to meet 
a range of challenging experimental conditions. For 
example, it is possible to fabricate a fiber probe 
capable of providing measurements of the scattered 
light at 90°, without the use of any other optical 
components. From the above equations, we have 
fabricated a backscatter lensless fiber optic probe 
with a nominal scattering angle of 143° in aqueous 
solutions, Z - 3 mm, and AZ < 1 mm. The waist of 
the Gaussian laser beam exiting from the fiber probe 
has a waist radius of 2 jxm. It is appropriate to note 
at this point that there may be some applications for 
which delivery of a focused laser beam is critical. 
This issue is discussed by Dhadwal et al , 26 in a paper 
in this feature issue. That paper discusses the inte- 
gration, through fusion splicing, of a gradient-index 
fiber lens to a monomode optical fiber, before it is 
mounted into the faceplate. The process of fusion 
splicing and subsequent cleaving is still being per- 
fected. 


B. Experimental Setup 

The experimental setup, which is described else- 
where, 20 requires coupling of light into the transmit- 
ting monomode optical fiber and a photomultiplier for 
the detection of photons collected by the receiving 
optical fiber. A 20 x microscope objective was used 
to couple light from a He-Ne laser source (NEC 
Model GLG 5261), with a peak power of 5 mW, to the 
monomode optical fiber. Optical power emanating 
from the probe tip was adjusted to ^ 1 mW in order to 
establish a lower threshold for operation of the fiber 
probe DLS system. Figure 2 shows a photograph of 
the fiber probe interrogating a microemulsion column. 


Table 1 . Composition of A-Serles Microemulsion Samples 


Sample 

Surfactant 

Mixture 

6.54 wt.% NaCl 
Solution 

Heptane 

A0 

1.00 

49.50 

49.50 

Al 

3.00 

48.50 

48.50 

A2 

5.00 

47.50 

47.50 

A3 

7.00 

46.50 

45.50 

A4 

9.00 

45.50 

45.50 

A5 

11.00 

44.50 

44.50 

A6 

13.00 

43.50 

43.50 

A7 

15.00 

42.50 

42.50 

A8 

17.00 

41.50 

41.50 

A9 

20.00 

40.00 

40.00 
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Fig. 2. Photograph showing the fiber probe interrogating the 
microemulsion system. 


A conventional DLS system (Brookhaven Instru- 
ments Corporation Model BI-2000SM), operating at a 
wavelength of 514.5 nm with a power level of 400 
mW, was used to make measurements of the intensi- 
ty-intensity autocorrelation on the same set of sam- 
ples. Photoelectron pulses from either the fiber 
system or the BI-200SM were correlated with a 
digital correlator (Brookhaven Instruments Corpora- 
tion Model BI2030). Intensity-intensity autocorre- 
lation data from 10 microemulsion samples were 
measured for a 300-s duration with both systems 
discussed above. 


C. Data Analysis 

In a typical DLS experiment the measured intensity- 
intensity autocorrelation G (2 \t m ), and the normalized 
first-order electric-field autocorrelation g a) {t m ), are 
related through the Siegert relation, 

G {2 \t m ) = A[1 + P I I 2 ]> (?) 

where A is an estimate of the baseline, t m is the delay 
time of the mth channel, and p is a measure of the 
self-beating efficiency, with a maximum value of 
unity. 

The first-order electric-field autocorrelation is given 
by a Laplace transform of the distribution of diffusion 
coefficients G(D), that is, 


&g n \t m ) = 




1/2 



G(D)exp(-Q 2 Dt m )dD, 


( 8 ) 


where Q = (4/iTr/X 0 )sin 2 (e/2) is the Bragg wave 
number, n is the refractive index of the suspension 
medium, \ 0 is the free-space wavelength of the coher- 
ent light source, 0 is the scattering angle, and D mm 
and D max are the lower and upper bounds, respec- 


tively, on the diffusion coefficient D. The diffusion 
coefficient is related to radius r of spherical particles 
through the Stokes-Einstein equation, 


kT 

, 

fiirrir 


(9) 


where k is Boltzmann’s constant, T is the absolute 
temperature, and tj is the solvent viscosity. 

Data analysis involves inversion of the Laplace 
transform expressed in Eq. (8) to obtain G{D) 9 or a 
characteristic line width distribution G(r), with T = 
Q 2 D. This inversion procedure is ill conditioned in 
the presence of noise, which is unavoidable in the 
accumulation of data. Many techniques for solving 
this inversion problem are in existence. The reader 
is referred to Chu’s textbook 12 for a detailed account 
of these procedures. Subsequent to obtaining G(r), 
the particle size distribution can be recovered through 
a scaling process involving Eq. (9) and knowledge of 
the scattering amplitude for each of the species in 
suspension. 

The autocorrelation data in this paper has been 
analyzed by the use of a cumulant expansion of the 
kernel in Eq. (8), as described by Koppel, 28 and by the 
use of a nonnegative least-squares technique, as 
described by Lawson and Hanson. 29 


4. Results and Discussion 

An aqueous suspension of PLS’s (obtained from Bang 
Laboratories) with nominal diameters of 85 nm and a 
weight concentration of 0.05% was prepared as de- 
scribed in Ref. 26. Ten 60-s duration intensity- 
intensity autocorrelations were measured by the fiber 
probe system and analyzed by a third-order cumulant 
analysis. 28 The results, summarized in Table 2, 
show that the accuracy of recovering the particle 
diameter is better than ±2%. Additionally, as ex- 
pected, the overall polydispersity factor is fairly small, 
and the nominal self-beating factor is 0.86. 


Table 2. Summary of the Third-Order Cumulants Analysis of 
Autocorrelation Data Obtained From 0.05% by Weight Concentration 
Polystyrene Latex Spheres of 85-nm Nominal Diameter 3 


Run 

Number 

p 

Particle 
Diameter (nm) 

Polydispersity 

1 

0.86 

87.4 

0.005 

2 

0.86 

85.7 

0.005 

3 

0.86 

89.2 

0.005 

4 

0.87 

86.3 

0.005 

5 

0.86 

88.4 

0.005 

6 

0.87 

85.6 

0.055 

7 

0.87 

85.9 

0.067 

8 

0.86 

87.9 

0.005 

9 

0.86 

87.3 

0.005 

10 

0.86 

85.1 

0.005 


"These measurements were taken with the fiber probe system. 
Polydispersity is a measure of the ratio of the standard deviation to 
the square of the mean. 
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Fig. 3. Normalized intensity-intensity autocorrelation function 
obtained from the lower phase microemulsion (sample A3). 
g n \t m ) is the first-order electric-field autocorrelation, t m is the time 
of the mth delay channel, and (5 is the self-beating efficiency factor. 
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Fig. 5. Comparison of the particle size distributions recovered, by 
the use of a nonnegative least-squares curve fitting, 29 from a 
concentrated dispersion (10 wt. %) of 39-nm PLS’s. Both measure- 
ments were made at a scattering angle of 143°. 


The 10 samples of microemulsion classified in 
Table 1 were characterized by the use of both the 
backscatter fiber optic probe and the BI-200SM sys- 
tem. Figure 3 shows a normalized intensity-inten- 
sity autocorrelation we obtained from sample A3 
using the fiber probe. We used a third-order cumu- 
lant analysis to analyze the autocorrelation data 
obtained from all 10 samples. Figure 4 shows a 
comparison of the average globule diameter of the 
microemulsion in the various phases. Solid dia- 
monds and solid triangles correspond to data we 
obtained using the fiber system and the BI-200SM 
system, respectively. There is good agreement be- 
tween measurements made in the lower- and middle- 
phase microemulsions, with the exception of sample 
A4. Samples A8 and A9, in the upper phase, exhibit 
differences in the estimates of the globule diameter. 

Microemulsions are transparent solutions, but be- 
cause of their high-volume fractions, they may ex- 
hibit multiple light scattering (MLS) effects. In the 
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Fig. 4. Characterization of the three-phase microemulsion. 
Globule diameter is determined by a third-order cumulants analy- 
sis 28 of the autocorrelation data. Solid diamonds and solid trian- 
gles represent measurements made with the fiber probe and with 
the BI-200SM system, respectively. 


dispersions of PLS’s, MLS effects are pronounced at 
higher particle concentrations. 20 21 The BI-200SM 
system gave lower estimates of particle size, consis- 
tent with MLS effects. 21 In order to confirm that 
this discrepancy is due to MLS, we prepared a 10% 
weight concentration of an aqueous dispersion of 
PLS’s with nominal diameters of 35 nm. Autocorre- 
lation data obtained with both the fiber probe and the 
BI-200SM were analyzed by a nonnegative least- 
squares procedure supplied by the digital correlator. 
Figure 5 shows a comparison of the size distributions 
recovered from the autocorrelation data. The BI- 
200SM system was also used at a scattering angle of 
143°. As expected, 21 the backscatter fiber probe gives 
very reasonable estimates of the particle size at these 
high concentrations. The BI-200SM, as would any 
other conventional DLS system, gives particle size 
estimates that are lower than expected. Microemul- 
sion samples A8 and A9, as indicated in Table 1, have 
high surfactant concentrations of 17 and 20 wt. %, 
respectively. If we interpret a high surfactant con- 
centration as producing similar effects as a high 
concentration of PLS, as discussed above, then MLS 
accounts for the discrepancy between the size esti- 
mates shown in Fig. 5. 

5. Conclusion 

In this paper we have used a noninvasive backscatter 
fiber optic probe to characterize a microemulsion 
system consisting of SDS/1 -butanol/brine/heptane. 
Our DLS optical system has a unique design that does 
not require any lenses, has no moving parts, does not 
need alignment, is insensitive to vibrations, and 
mitigates the problems of MLS. 
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Dynamic light scattering studies of BSA and lysozyme using a backscatter fiber optic system 
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ABSTRACT 


A comparative dynamic light scattering study of BSA and lysozyme is presented. A backscatter fiber optic system 
and a conventional light scattering spectrometer are used to measure the diameter of proteins in the dilute regime, 
that is, below concentrations of 10 mg/ml. The fiber optic system operating with a power level of 2 mW at a 
wavelength of 632.8 nm compares favorably with a conventional system operating with a power level of 40 mW at 
a wavelength of 514.5 nm. Quasi-elastic light scattering measurements taken at several concentrations demonstrate 
the utility of a backscatter fiber optic probe for sizing of small molecular weight proteins. The fiber probe, comprising 
two optical fibers, is about 3 mm in diameter and can be positioned either inside or outside the scattering cell. 


1. introduction 


The utility and versatility of fiber optics in quasi-elastic light scattering (QELS) has been established over 
the past five years . The most important features of an optical fiber are its size (core/cladding diameters of 4/125 
pm), flexibility and finite numerical aperture. Use of optical fibers, merely as light pipes, is an under utilization of 
the full potential. By careful choice and design, lens-less fiber optic probes have been constructed for QELS studies 
of systems ranging from concentrated colloidal suspensions 2 to concentrated protein solutions in excised but in tact 
eye lenses • , to microemulsions 6 . Fiber probes have been designed to provide a coherent self-beating detection of the 
scattered light in the backward direction, whereas, ail previous backscatter anemometers provided a homodyne 
detection . Fiber probes can be designed to give a self-beating efficiency in the range from zero to unity. Early 
versions of the fiber probes were fabricated for direct immersion into the scattering medium, thereby eliminating all 
interfaces between the scattering region and detector. In certain applications, the insertion of the fiber probe into the 
scattering region is not possible, and may be undesirable. A backscatter probe, constructed for positioning outside 
the scattering cell, gave very good QELS measurements from excised human eye lenses 1 . 

One potentially useful application for the QELS backscatter fiber probe is for experiments involving unusually 
shaped or difficult to access sample containers. An important illustration is found in the area of protein crystal growth 
where protein solutions are often placed in non-traditional cells of marginal optical quality or even suspended from 
various surfaces in the so-called hanging drop method. A small diameter backscatter probe would allow measurements 
on such systems for which traditional methods of laser beam delivery and signal detection are not feasible. 


An essential requirement for the DLS backscatter probe is that the proper QELS parameters be determined 
for relatively weak scatterers such as low molecular weight proteins. The intensity autocorrelations obtained from 
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the backscatter measurements should not only give reliable estimates for the mean particle size but also for the state 
of aggregation of the protein solution. In order to test this aspect of the probe, we have conducted measurements on 
two protein samples, lysozyme and bovine serum albumin, and compared the results with those obtained by traditional 
QELS methods on the exact same sample. 

2. DESIGN CONSIDERATIONS 


QELS studies of small molecular weight scatterers in the dilute regime requires careful optimization of the 
experimental parameters as well as ultra clean sample preparation. As discussed by Ford 14 , ideal experimental 
conditions dictate a highly focussed laser spot in the scattering region and collection of the scattered light in the 
forward direction. Even under the ideal conditions, the lowest concentration that can be studied is determined by the 
ratio of scattered intensity from the solute molecules to that from the solvent. According to Ford, the limiting 
concentration is 0.5 mg/ml for solute molecules of molecular weight 25,000. 

Figure 1 shows a schematic of a lens-less backscatter fiber probe body. It comprises of two precisely 
positioned optical fibers, one for transmitting a diverging laser beam to the scattering region and the other for 
providing a self-beating detection of the scattered light. Clearly, this configuration contradicts the acceptable 
guidelines for achieving good QELS results from weak scatterers in the dilute regime. Motivation for pursuing the 
fiber optic system comes from the possible benefits arising from the ability to position the fiber probe in inaccessible 
places. The overall diameter of the probe can be as small as 500 pm, however, for ease of handling we used a 3 mm 
stainless steel tubing for making the first prototype for use in the present study. 



Figure 1: Schematic of a generic backscatter fiber optic probe. 
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The challenge in the design of a backscatter fiber optic probe is to determine the optimum values of h and 
a, which would lead to acceptable determinations of the protein size in the dilute regime. The critical issues in the 
design are the location, z of the edge of the scattering region from the tip of the probe body and the size of the 
scattering volume AZ. Assuming that the two optical fibers are identical it can be shown that, 


Z = 


h + 



2cos(a)J 


1 

tan(0j) 


( 1 ) 


AZ 


L D > 1 


i „ 1 1 

2 Cos(a) 


tan(0 2 ) tan(0,) 


( 2 ) 


where D f is core diameter of the optical fiber, 0, and 0 2 are determined by the numerical aperture of the fiber and 
the index of scattering medium. 
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Figure 2: Plot of equation (1), h is in mm. 


Figure 2 shows a plot Z as function of the inclination angle a and the separation h. Z should be as large as possible 
in order to allow interrogation of the scattering region within the interior of the scattering chamber. However, a large 
Z is accompanied by a reduction in the optical power density in the scattering region, due to the increase in the beam 
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diameter. The length AZ of the scattering region is also an important consideration, in order to maintain a small 
scattering volume. Figure 3 shows a plot of AZ as a function of a and h. A fiber probe based on the above criterion 
was designed for the QELS investigation of two protein systems, lysozyme and BSA. The fiber probe provides 
measurements at a backscatter angle of 143°. A monomode optical fiber is used for delivering a Gaussian beam, waist 
at the exit is equal to 2 pm, and a miltimode optical fiber is employed for the detection of the scattered light. Self- 
beating efficiency was sacrificed for increased count rate. As discussed by Dhadwal et al\ in certain situation, choice 
of a multimode fiber as a receiver is more judicious. 


h-0 h-0.5 h-1 h" 1.5 



a (dftgrftftft) 

Figure 3: Plot of equation (2) 


3. EXPERIMENTAL PROCEDURE 


3.1 Sample preparation 

Lysozyme (hen egg white, molecular weight 14,000) and bovine serum albumin, BSA (molecular weight 
68,000) were obtained from Boehringer Mannheim Biochemicals. The lysozyme was purified by passing through 
Biosep-SEC-3000 size exclusion preparative column (600 mm x 21.2 mm) from Phenomenex with 50 mM sodium 
phosphate buffer at pH=6.8 as the mobile phase. The lysozyme monomer fraction was collected, exhaustively 
dialyzed against 40 mM sodium acetate buffer at pH=4.3 and concentrated to an appropriate level for light scattering 
measurements. The BSA was dissolved directly into a 50 mM sodium phosphate buffer at pH=7.0 and used without 
further purification. 

Before making light scattering measurements, the protein solutions were cleansed by using a circulating 
filtration loop as shown in figure 4. A small amount of the protein solution (=2 ml) was placed in a sample reservoir 
connected to a peristaltic pump using small diameter flexible tubing. The pump forced the solution through a 0.2 
p pore size filter from Gelman and then into the DLS cell. The loop was completed by returning the solution to the 
sample reservoir. Circulating the solution in this manner resulted in optically clean solutions and also allowed the 
protein concentration to be easily adjusted. 
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3.2 Experimental set up 

A backscatter fiber optic probe, as described in section 2, was positioned outside the sample cell as shown 
in figure 5. In this preliminary study, light from a helium-neon laser (Spectra Physics model 124B) was launched into 
the transmitting monomode optical fiber by means of a microscope objective. The laser beam emanating from the 
tip of the probe body had a waist diameter of 4 pm and a power of 2 mW at wavelength of 632.8 nm. The receiving 
multimode fiber provided collection of the scattered light at an angle of 143°. The free end of the receiving fiber was 
connected to a photomultiplier tube. 



Figure 5: Schematic of the experimental set up 
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^ conventional laser light scattering spectrometer (Brookhaven Instruments model BT 
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4. RESULTS AND DISCUSSION 
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Figure 6: Comparison of the intensity autocorrelation data obtained from BSA at 012 47 
mg/ml. triangles - conventional system and squares - fiber optic probe. 
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Figure 7: Particle size distribution recovered from the data in figure 6. BIC- 
conventional QELS system, FP - fiber probe 


Table I: Summary of results. BIC - conventional QELS system. 


PROTEIN SAMPLE 

CONCENTRATION 

(mg/ml) 

AVERAGE SIZE (nm) 

BIC 

Fiber Probe 

Lysozyme 

7.32 

3.36 

3.25 

12.42 

3.05 

2.94 

24.40 

3.49 

3.00 

Bovine serum albumin 

12.70 

7.00 

8.42 

8.85 

6.82 

6.35 

5.50 

7.47 

7.42 


5. SUMMARY 

The preliminary measurements reported here have demonstrated the utility of backscatter fiber optic probes 
for use in QELS studies of weak scatterers in the dilute regime. The fiber probe can be integrated to a semiconductor 
laser and to a miniafiire photomulitplier or an avalanche photodiode. Additionally, we expect considerable 

improvements in the signal-to-ratio by integrating gradient index fiber lenses to the monomode fibers as described 
by Dhadwal et al . 
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